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Voltage-driven 180◦ magnetization switching without electric current provides the possibility for revolution-
izing the spintronics. We demonstrated the voltage-driven charge-mediated 180◦ magnetization switching at
room temperature by combining first-principles calculations and temperature-dependent magnetization dy-
namics simulation. The electric field (E) induced interface charge is found to allow a giant modulation of the
magnetic anisotropy (K) of the nanomagnet. Particularly K is revealed to vary linearly with respect to E and
the epitaxial strain. Magnetization dynamics simulations using the so-obtained K show that both in-plane
and perpendicular 180◦ switching can be achieved by E pulses. The temperature effect renders the 180◦
switching as probability events. Statistical analysis indicates a fast (around 4 ns) and low-error-probability
180◦ switching achievable at room temperature by controlling the magnitude of E and the pulse width. The
study inspires the rational design of miniaturized nanoscale spintronic devices where thermal fluctuation has
a great impact.
INTRODUCTION
Recently, the voltage control of magnetism without
electric current has been extensively studied in order to
achieve minimum power consumption and device minia-
turization in next-generation of spintronics.1–10 Such a
control is usually implemented through the magneto-
electric (ME) coupling in heterostructures which possess
coupled magnetic and electric properties. Generally, in
ME heterostructures voltage can control the magnetism
through the interfacial mechanisms such as elastic cou-
pling via strain transfer,11–32 charge modulation,31–43 in-
terface bonding,44–48 and exchange coupling.29,49–52 For
the ferromagnetic/ferroelectric heterostructures, elastic
coupling mechanism is most extensively investigated, i.e.
a strain generated in a ferroelectric layer by a voltage is
transferred to the ferromagnetic layer through the inter-
face and thus can be used to tailor magnetization through
the magnetoelastic coupling. The elastic coupling mech-
anism can work at the bulk level. All the other three
mechanisms are localized to the region near the interface.
Among them, the exchange coupling is localized, but can
generate exchange spring effects to affect the magneti-
zation in the bulk.53 Compared to the elastic coupling
mechanism, they offer more freedom to design reasonable
and optimum nanoscale devices in which the interface
plays a critical role, owing to the diversity and tunability
of the interfacial structure and chemistry.
By using these various mechanisms, a voltage in-
duced 180◦ magnetization switching is of great inter-
ests. For example, in order to achieve a high signal-
to-noise ratio in magnetic tunnel junction (MTJ), a
significantly large electric resistance change of MTJ
is required, which can only be achieved by a 180◦
a)Electronic mail: yi@mfm.tu-darmstadt.de
switching in the free layer of MTJ. Trailblazing experi-
ments have demonstrated strain-mediated and exchange-
coupling-mediated voltage-driven/assisted magnetiza-
tion switching in Ni/BaTiO3,
23, Co/PMN-PT,43 and
CoFe/BiFeO3
50,51 heterostructures, respectively.
Nevertheless, the voltage-driven full 180◦ switching
is not achieved in some experiments. For example, in
the CoFe/BiFeO3 only a net magnetization reversal is
realized.50 The electric field is found to decrease the
coercivity, but the switching is still achieved by mag-
netic field.40,51 Also some forms of magnetic fields are in-
volved in experiments.23,43,50 From the theoretical point,
a large number of studies are devoted to the strain-
mediated 180◦ switching either by designing the shape
of magnets30 or by using the 3D precessional switching
dynamics.13–15,18,19,24,25,27
Alternatively, interface charge modulation has been
deemed as an ideal way for realizing magnetic switch-
ing in thin film heterostructures.33–43 But plenty of ex-
perimental and theoretical investigations show charge-
modulated coercivity or charge-mediated magnetization
switching between two states which are not exactly ro-
tated by 180◦.33,34,37,39–41 For example, an electric field
induced change in the number of unpaired d electrons
in FePt and FePd can induce their coercivity change
by several percent, but the voltage-driven magnetization
switching is not addressed.33 Controlling the charge car-
rier concentration in (Ga,Mn)As by an electric field can
manipulate the magnetization direction by only 10◦.39 In
Fe/MgO system, through the voltage control of relative
occupation of 3d orbitals in interfacial Fe atoms, an elec-
tric field of 0.1 V/nm is shown to cause a 40% change in
the magnetic anisotropy of Fe.37 In CoFeB/MgO/CoFeB,
electric field is shown to tune the coercivity for magneti-
zation switching driven by a magnetic field.40 Coherent
control of magnetization using voltage signals is realized
in FeCo/MgO with an additional magnetic field of 70 mT
and switching angle less than 180◦.41 Meanwhile, most
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2studies deal with the thin film structure with a lateral
size of several hundred nanometers to several microme-
ters or with a thickness of several tens nanometers. In
such cases, the magnet volume is relatively large so that
the temperature effect on the switching dynamics is of-
ten ignored,11,13–15,18–20,25,30,34,52 or shown to be not so
strong.24,27 However, in terms of the device miniaturiza-
tion, if spintronic devices are further scaled down to nan-
odot shape, i.e. with the size of several tens of nanome-
ters in the lateral direction, the huge reduction of the
magnet volume will intensify the effects of temperature-
induced thermal fluctuations. For instance, the gran-
ular film with L10-ordered FePt epitaxially grown on
MgO substrate, which has been considered as a promis-
ing candidate for memory devices, usually contains FePt
nanograins with a size of several nanometers to several
tens of nanometers. If such a small-scaled FePt/MgO
heterostructure is utilized, considering the effect of ther-
mal fluctuations on the magnetization dynamics is indis-
pensable.
In this work, we take epitaxial Pt/FePt/MgO het-
erostructures as a model system with a lateral size of sev-
eral tens of nanometers. An elliptical shape of FePt (Fig.
1(b)) is chosen, which allows the magnetic anisotropy
within the x-y plane and thus the in-plane magnetiza-
tion switching. The electric field induced change in the
FePt/MgO interface charge can tailor the magnetocrys-
talline anisotropy energy (MAE) of FePt layer, thus ma-
nipulating the magnetic easy axis of the heterostructure
system. Meanwhile, the epitaxial strain plays a role in de-
termining whether the equilibrium magnetic state with-
out electric field is in-plane or perpendicular. By control-
ling the electric field, epitaxial strain and magnetization
dynamics, the in-plane and perpendicular 180◦ magneti-
zation switching (Fig. 1(c)) is achievable in the case of
in-plane and perpendicular equilibrium magnetic state,
respectively. Specifically, combining first-principles cal-
culation and temperature-dependent magnetization dy-
namics, we demonstrate the in-plane and perpendicular
180◦ magnetization switching at room temperature. It
is anticipated that the present study provides valuable
insight into the design of voltage control of both in-plane
and perpendicular 180◦ switching at room temperature
for achieving low-power, high-speed, non-volatile, and
highly compact spintronics.
RESULTS AND DISCUSSION
The material model system for first-principles calcula-
tions is shown in Fig. 1(a). Since the lattice parameter of
bulk MgO is ∼ 4.22 A˚ and that of FePt is ∼ 3.86 A˚, the
lattice mismatch is up to ∼ 8.5%. In experiments, MgO
with tunable lattice strain can be epitaxially grown at
different temperature on different substrates like Cu,54,
Ge,55 Si,56 etc. So different in-plane epitaxial strains
(εMgO) relative to the equilibrium lattice parameter in
MgO at different FePt layer number (n) are adopted to
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FIG. 1. Material model system for (a) first-principles calcu-
lations and (b) magnetization dynamics simulation. (c) Illus-
trations of in-plane and perpendicular 180◦ switching.
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FIG. 2. Typical first-principles results for n = 5 and εMgO =
−3.26%. (a) Electrostatic potential distribution. (b) Electric
field (E =0.9 V/nm) induced charge density change near Pt
and Fe atoms close to the MgO/FePt interface. (c) MAE as
a function of the external electric field. (d) Atom-resolved
MAE.
study their effects. The material system for micromag-
netic dynamics analysis is shown in Fig. 1(b). The FePt
nanomagnet is an elliptical cylinder with height t(n),
semimajor axis a, and semiminor axis b. Two angles are
used to describe the magnetization state, as presented in
the Methods section.
Figure 2 presents the first-principles results when
εMgO = −3.26% and n = 5. From the electrostatic poten-
tial distribution obtained from first-principles calculation
in Fig. 2(a), we can estimate the external electric field
as 0.9 V/nm. Under this electric field, the charge density
around Pt and Fe atoms which are close to the interface
is evidently decreased. The effect of electric field extends
to the first two layers of FePt next to the interface. The
charge change will affect the d-orbital hybridization and
thus the MAE, as shown the orbital-resolved MAE in
Fig. S1 (in supplementary information, SI). The atom-
resolved MAE analysis in Fig. 2(d) indicates the domina-
tive role of the interfacial Pt (Pt1) in the perpendicular
magnetic anisotropy. The electric field induced change
in MAE of Pt1 controls the MAE change of the system.
Orbital-resolved MAE analysis in Fig. S1 (in SI) further
confirms the largest MAE contribution of the hybridiza-
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FIG. 3. (a) K for different layer number n of FePt. K as
functions of εMgO and E when (b) n = 5, (c) n = 7, and
(d) n = 11. The equations in (b)-(d) are obtained by linear
fitting.
tion between dyz and dz2 of Pt1. MAE of the system is
shown to be linearly dependent on the strength of the
electric fields, as presented in Fig. 2(c). A giant modula-
tion of MAE by applying electric fields is observed, with
a amplitude as high as 322 fJ/Vm.
We then calculate saturation magnetization (Ms, total
magnetic moment divided by FePt volume) and K (MAE
divided by FePt volume) under different εMgO, E and n,
as presented in Fig. S2 (in SI) and Fig. 3, respectively.
Ms is found to be not significantly affected by E, but de-
pend more on εMgO and n (Fig. S2 in SI). It can be seen
from Fig. 3 that K varies linearly with respect to both
εMgO and n, as indicated by the fitted linear functions
therein. K is more sensitive to εMgO and can be altered
from ∼ 10 to ∼ −5 MJ/m3 when εMgO is increased from
−7% to −1%. The strong dependence of K on εMgO
intrigues extensive studies of the strain-mediated mag-
netization switching. Positive electric field results in an
increment in K. The charge-mediated dependence of K
on E provides the feasibility to switch the magnetization.
For example, using the model in Fig. 1(b), we find that
through the charge-mediated K change, the electric field
can be used to tailor the magnetic hysteresis (Fig. S3 in
SI).
From the perspective of practical applications of mag-
netic states in data storage, the energy barrier is usu-
ally required to exceed 40 kBT to make an initial equi-
librium magnetization sufficiently stable. For this re-
quirement, in the case of no electric field (E = 0),
we calculate the energy barrier (∆G) of initial magne-
tization stabilized in both in-plane x and perpendicu-
lar z directions, in order to check the thermal stabil-
ity of the initial magnetization. As for the initial equi-
librium magnetization state along the in-plane x direc-
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FIG. 4. Energy barrier of the initial equilibrium magnetiza-
tion (E = 0) with n = 11: (a) initial magnetization along
the in-plane x direction; (b) initial magnetization along the
perpendicular z direction. kB is Boltzmann constant and
T = 300 K.
tion, the energy barrier is calculated by the energy dif-
ference between x and y/z directions when E = 0, i.e.
∆Gin =
1
2µ0M
2
s V [min(Ny, Nz − 2KE=0µ0M2s )−Nx], in which
the volume V = piabt and Nx, Ny, and Nz is the demag-
netization factor along x, y, and z direction, respectively.
Similarly, in the case of initial magnetization along the
perpendicular z direction, the energy barrier can be cal-
culated as ∆Gpe =
1
2µ0M
2
s V [Nx − (Nz − 2KE=0µ0M2s )]. For
simplicity, the elliptical geometry with a = 2b is consid-
ered. From these equations, we can determine the region
in which ∆G is higher than 40 kBT (T = 300 K), as
shown by the contour plots in Fig. 4 (n = 11) and Fig.
S4 (in SI) (n = 5, 7, 9). It can be seen from Fig. 4(a) that
for an in-plane switching with the initial magnetization
along x axis, suitable εMgO larger than ∼ −3.313% and
a larger than ∼ 44 nm are necessary for a energy bar-
rier above 40 kBT . The critical value of a for an in-plane
switching increases with the decrease of n (Fig. S4 in SI).
In contrast, a energy barrier over 40 kBT for a perpen-
dicular switching with the initial magnetization along z
axis requires εMgO smaller than ∼ −3.313%, but its de-
pendence on a is much weaker, as shown in Fig. 4(b).
Based on the results in Fig. 4, the geometry parameter
a = 2b = 46 nm is chosen for the following study of case
n = 11. This geometry makes it possible that the energy
barrier of the initial equilibrium magnetization in both
in-plane and perpendicular switching cases is beyond 40
kBT for practical applications.
Heretofore we have figure out the strain and geom-
etry conditions for a stable equilibrium magnetization
(E = 0) with energy barrier higher than 40 kBT from
the viewpoint of practical applications. However, for
the voltage-driven 180◦ switching, the E induced energy
change (|∆Gk|) and magnetization dynamics should be
deliberated. Through the total energy analysis (Eq. 1
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FIG. 5. Necessary conditions for the in-plane and perpendic-
ular 180◦ switching (n = 11, a = 2b = 46 nm): switching
criteria Nz − 2KE=0/µ0M2s > Nx > Nz − 2KE>0/µ0M2s or
Nz − 2KE<0/µ0M2s > Nx > Nz − 2KE=0/µ0M2s , E induced
energy change |∆Gk| beyond 40 kBT , initial energy barrier
∆Gin (∆Gpe) over 40 kBT .
in Methods), we firstly clarify how large εMgO and E
make |∆Gk| beyond 40 kBT and the 180◦ switching pos-
sible. E induced energy change can be easily calculated
as |∆Gk| = (K−KE=0)V . In the case of an in-plane 180◦
switching, the magnetic easy axis is along the semimajor
axis x when there is no electric field. The in-plane 180◦
switching means the magnetization switching from the
positive semimajor axis to the negative one, or vice versa.
These two equivalent in-plane easy axes guarantee a non-
volatile effect, i.e. when the 180◦ switching is achieved
the associated magnetization state will be kept even after
the removal of the electric field. The necessary conditions
for the 180◦ switching imply two criteria. Firstly, K is
small enough to ensure a magnetic easy plane when there
is no electric field, i.e. Nx < Nz − 2KE=0/µ0M2s (Eq 1
in Methods). Secondly, after applying a positive elec-
tric field, K is increased to be high enough to achieve a
perpendicular easy axis, i.e. Nx > Nz − 2KE>0/µ0M2s .
Therefore, the in-plane switching requires the criterion
Nz−2KE=0/µ0M2s > Nx > Nz−2KE>0/µ0M2s . On the
contrary, the perpendicular 180◦ switching denotes the
magnetization switching from the positive perpendicular
axis z to the negative one, or vice versa. Two criteria
required by the necessary conditions for the perpendicu-
lar 180◦ switching are opposite to those for the in-plane
180◦ switching. On the one hand, without electric field
K should be large enough to ensure a perpendicular mag-
netic easy axis. On the other hand, after a negative elec-
tric field is applied, K should be decreased to be small
enough to ensure an in-plane easy axis. So the criterion
Nz − 2KE<0/µ0M2s > Nx > Nz − 2KE=0/µ0M2s should
be fulfilled for the perpendicular switching. Combing
these two switching criteria, the relation |∆Gk| > 40
kBT , and the initial energy barrier ∆Gin (∆Gpe) > 40
kBT in Fig. 4, we can estimate the necessary condi-
tions for the possible 180◦ switching, as shown in Fig. 5.
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FIG. 6. (a) Electric field pulse with ramp time (tr) and pulse
width (ts). Spatial and temporal trajectories of magnetiza-
tion switching for (b) in-plane and (d) perpendicular 180◦
switching. Switching time as functions of tr and ts for (c) in-
plane and (e) perpendicular 180◦ switching. The grey region
or a switching time of zero in (c) and (e) means that the 180◦
switching fails. Temperature is set as 0 K.
It can be found that in the triangular regions within a
small range of εMgO, a positive and negative E poten-
tiates an in-plane and perpendicular 180◦ switching, re-
spectively. In a given system with specified layer number
and εMgO, only one switching mode is possible. There is
no overlapped region between in-plane and perpendicular
switching modes.
It should be noted that Fig. 5 only presents the nec-
essary rather than the sufficient conditions for a 180◦
switching. If the electric field is always kept until the
magnetization reaches the equilibrium state, only a 90◦
switching is achieved. After removing the electric field,
in the viewpoint of static analysis the magnetization pos-
sesses the equal possibility to revert back or go forwards.
Only by using the 3D precessional switching dynamics
of magnetization,13–15,18,19,24,25,27 a deterministic 180◦
switching can be achieved when the pulse width of the
electric field is controlled. In the following, we will fo-
cus on the switching dynamics in the case of n = 11
and εMgO = −3.29% for an in-plane 180◦ switching and
εMgO = −3.34% for a perpendicular 180◦ switching. An
electric field pulse with ramp time (tr) and pulse width
(ts) shown in Fig. 6(a) is applied to provoke switching.
As a first step, we studied the typical switching dynamics
at 0 K, as presented in Fig. 6(b)-(e). The spatial and
temporal magnetization trajectories in Fig. 6(b) and (d)
indicate an in-plane and perpendicular 180◦ switching,
respectively. It can be seen that the precessional dynam-
ics after the removal of E at ts make the magnetization
component towards −1 possible. The control of tr and
ts is critical for realizing the 180
◦ switching, as shown in
Fig. 6(c) and (e). It can be found that in both the in-
5plane and perpendicular 180◦ switching, a fast switching
within ∼3 ns can be attained. The ramp time plays a role
in determining whether the 180◦ switching fails or suc-
ceeds, but has little effects on the switching time which
is more influenced by the pulse width. The in-plane 180◦
switching allows a much wider range of E pulse width
than the perpendicular one. These switching dynamic
features are consistent with those from the literature in
which the temperature-induced thermal fluctuations are
ignored.
However, if the temperature-induced thermal fluctua-
tions is considered, the switching dynamics can be in-
trinsically altered. Thereby the thermal fluctuation of
torque should be considered, as explained in the Meth-
ods. Here we do not perform the temperature-dependent
first-principles calculations, but focus on the temperature
effect on switching dynamics, i.e. magnetization dynam-
ics including temperature-induced thermal fluctuations.
A finite temperature study should be carried out fur-
ther so that temperature effects can be included in both
the parameter prediction by first-principles calculations
and the simulation of magnetization dynamics. Even in
the equilibrium states without electric field, the magne-
tization is not exactly aligned along the easy axis. The
finite temperature effect makes the magnetization fluc-
tuate within several degrees around the easy axis (Fig.
S5 in SI). Figure 7 presents two individual magnetization
trajectories at T = 300 K, with other conditions the same
as those in Fig. 6(a). It is clear that Fig. 6(a) without
temperature effect shows a deterministic 180◦ switching.
But if T = 300 K is taken into account, the 180◦ switch-
ing can either succeed (Fig. 7(a)) or fail (Fig. 7(b)). It
indicates that the temperature effect disturbs the switch-
ing behavior and makes the 180◦ switching as probability
events. The deterministic switching demonstrated at 0
K may be not really deterministic at finite temperature,
making the previous studies of the 180◦ switching at 0 K
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field Hx = −5 mT. (d) 1,000 trajectories with a switching
probability of ∼ 93.2% at 300 K. tr = 0.
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FIG. 9. Perpendicular 180◦ switching. (a) Switching time at
0 K. Switching probability at 300 K: (b) no bias field and (c)
bias field Hz = −5 mT. (d) 1,000 trajectories with a switching
probability of ∼ 91.5% at 300 K. tr = 0.
to be re-examined.
Figs. 8 and 9 compare the switching behaviors at 0 K
with those at 300 K. It can be found from Fig. 8(a) and
Fig. 9(a) that at 0 K, the 180◦ switching is determinis-
tic and possesses a characteristic switching time. Large
electric fields and small pulse width favor a fast switch-
ing, with a minimum switching time around 2 ns. When
the temperature is involved in the switching dynamics,
statistical methodology should be applied to get the 180◦
switching probability.
As shown in Fig. 8(b), 8(c) and Fig. 9(b), 9(c), at
300 K the switching is not deterministic and a switching
probability (the percentage of successful 180◦ switching)
or error probability (the percentage of unsuccessful 180◦
switching) is obtained. For the in-plane 180◦ switching,
Fig. 8(b) shows that the room temperature makes the
180◦ switching with a maximum probability of 70%. If
we apply a small bias magnetic field Hx = −5 mT which
is the strength of a typical refrigerator magnet, a switch-
6ing probability above 90% can be achieved (Fig. 8(c)).
For the perpendicular 180◦ switching in Fig. 9, we ob-
serve the similar behavior. The magnitude and the pulse
width of the electric fields should be carefully designed for
a low error probability at room temperature. The region
with probability above ∼ 90% is much wider in Fig. 9(c)
than that in Fig. 8(c), indicating more controllability in
the perpendicular 180◦ switching.
For an estimation of switching time at room temper-
ature, as an example we present 1,000 switching trajec-
tories with relatively low error probability for in-plane
switching (E = 0.42 V/nm and ts = 3 ns, Fig. 8(d)) and
perpendicular switching (E = −0.4 V/nm and ts = 2 ns,
Fig. 9(d)). The switching time is found to be around 4
ns. The switching probability in Fig. 8(d) and Fig. 9(d)
is∼ 93.2% (error probability∼ 6.8%) and∼ 91.5% (error
probability ∼ 8.5%), respectively. Undeniably, decreas-
ing the error probability as much as possible is desirable.
However, the achieved switching probability around 90%
here is still reasonable or may be adequate for memory
applications where different on-chip error detection and
correction schemes exist.
In summary, the voltage-driven charge-mediated per-
pendicular and in-plane 180◦ magnetization switching
at 0 K and room temperature is studied by using a
multiscale theoretical framework which combines first-
principles calculations and temperature-dependent mag-
netization dynamics. For the epitaxial metal-magnet-
insulator (Pt/FePt/MgO) hetero-nanostructure as the
model system, it is found from first-principles calcula-
tions that the interfacial charges induced by electric fields
induce a giant modulation of MAE of the nanomagnet.
From the temperature-dependent magnetization dynam-
ics using first-principles results, it is found that both
in-plane and perpendicular 180◦ magnetization switch-
ing is possible in the case of suitable epitaxial strain,
E pulse width, and E ramp rate. But the tempera-
ture effect disturbs the switching behavior and makes the
180◦ switching as probability events. The E magnitude
and pulse width should be carefully designed for a low-
error-probability 180◦ switching at room temperature.
Statistical analysis indicates that a fast (around 4 ns)
180◦ switching of low error probability can be achieved
at room temperature. This work not only demonstrates
a charge-mediated way for controlling magnetization by
voltage, but also inspires the rational design of minia-
turized nanoscale spintronic devices where temperature
induced thermal fluctuation plays a critical role.
METHODS
The MAE and Ms of the system in Fig. 1(a) are
mainly originated from the L10 ordered FePt layer. The
supercell is constructed along the (001) direction, con-
taining n-layer FePt on top of four-layer MgO followed
by three-layer Pt and a 15-A˚-thick vacuum layer. The
FePt layer number n is chosen to be 5, 7, 9, and
11. The electric field is imposed by the dipole layer
method,57 with the dipole placed in the middle of the
vacuum region. The first-principles calculations were
carried out within the density functional theory and
the framework of the projector augmented-wave formal-
ism as implemented in the Vienna ab initio simulation
package (VASP).58 The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional in the generalized gradi-
ent approximation (GGA) was employed. An energy cut-
off of 500 eV and a Monkhorst-Pack k-mesh 31× 31× 1,
at which a good convergence of MAE was achieved, were
utilized. At a certain εMgO, the in-plane lattice parame-
ter of the supercell is fixed to be that of the strained MgO
during the relaxation and the atomic positions in the z
direction are relaxed. The convergence criteria for the
structure relaxation at different εMgO were set as 10
−6
eV and 2 meV/A˚ for the energies and forces, respec-
tively. By using the self-consistent charge density, non-
self-consistent calculations with spin-orbit coupling were
performed to get the total energy as a function of the
orientation of the quantization axis. K was evaluated as
the difference of the total energy per unit FePt volume
when the magnetization was along (100)/(010) (x/y) and
(001) (z) directions. Positive and negative K indicates
perpendicular and in-plane magnetic anisotropy, respec-
tively.
The material system for micromagnetic dynamics anal-
ysis is shown in Fig. 1(b). The FePt nanomagnet is
an elliptical cylinder with height t(n), semimajor axis
a = 46 nm, and semiminor axis b = 23 nm. For such a
small size, a single domain exists and two angles (θ, φ)
are used to describe the magnetization state. The single-
domain state of FePt nanomagnet with magnetic proper-
ties from first principles is confirmed by our micromag-
netic simulations (Fig. S6 in SI). It should be noted that
the electric field induced K change is mainly localized
around the interface. This interface effect will be much
weaker for the thick film. Here, the FePt nanomagnet
is only several atomic layer thick. Since the magneti-
zation behaves coherently (Fig. S6 in SI), we represent
all the magnetic moments in these atomic layers by a
macro spin with the average saturation magnetization
Ms and K from first-principles calculations. The similar
idea has also been used by previous work.34,41 Neverthe-
less, a more accurate way by atomistic spin simulations
which treat each atomic spin separately should be at-
tempted as the next-step work. In this way, the total
energy of the FePt elliptical cylinder can be given as the
summation of the demagnetization energy and the mag-
netocrystalline anisotropy energy, i.e.
Et =
1
2
µ0M
2
s
[
Nx sin
2 θ cos2 φ+Ny sin
2 θ sin2 φ+
(
Nz − K1
2µ0M
2
s
)
cos2 θ
] (1)
in which Nx, Ny, and Nz is the demagnetization fac-
tor along x, y, and z direction, respectively, and can
7be calculated as a function of the geometry size.59 Tak-
ing the temperature effect as thermal fluctuations,60 the
temperature-dependent magnetization dynamics is gov-
erned by
θ˙ =− γ0
Ms(1 + α2)
(
α
∂Et
∂θ
+
1
sin θ
∂Et
∂φ
)
+
1
2τN
cot θ +
1√
τN∆t
P1
(2)
φ˙ =− γ0
Ms(1 + α2) sin θ
(
α
sin θ
∂Et
∂φ
− ∂Et
∂θ
)
+
1
sin θ
√
τN∆t
P2
(3)
in which γ0 is the gyromagnetic ratio constant, α = 0.2
is the damping coefficient of L10 FePt,
61 ∆t = 0.2 ps is
the time step, and Pi (i =1, 2) is a stochastic process
with Gaussian distribution, zero mean value, and com-
pletely uncorrelated property in time. The characteristic
time τN is related to volume V and temperature T as
τ−1N = 2αγ0kBT/[Ms(1 + α
2)V ]. The method by using
Eqs. 2 and 3 is verified by performing a benchmark test,
in which only the thermal fluctuations are considered.
In such a simple case, an initial magnetization (m0x, m
0
y,
m0z) will evolve randomly and the associated average re-
sponse can be obtained from the theoretical solution of
Fokker-Planck equation as 〈mi〉 = m0i exp(−t/τN ). Our
simulation results are found to agree well with the theo-
retical solution and the simulation results by MuMax362.
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FIG. S4. Energy barrier of the initial equilibrium magnetization (E = 0) with n = 5, 7, and 9, as functions of elliptic geometry
parameter a = 2b and εMgO. kB is Boltzmann constant and T = 300 K.
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FIG. S5. Magnetization distribution in the equilibrium states at room temperature without electric field (a = 2b = 46 nm,
n = 11).
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FIG. S6. Electric field induced magnetic states predicted by micromagnetic simulations (OOMMF) when the initial state is (a)
in-plane and (b) perpendicular single domain. Elliptical cylinder with height 2 nm, semimajor axis a = 46 nm, and semiminor
axis b = 23 nm.
